The bedrock of the northern halves of North America and Europe is covered by Quaternary glacial deposits, forming a surficial overburden that is relatively thin, nonlithified, lithologically variable on a small scale (in terms of grain-size, mineralogy, texture, fabric, structure, and color), and often has a well-preserved depositional topography. These geologically unique characteristics and the fact that the glacial overburden was long considered to be of only restricted economic value have caused it to be treated differently in geological research from the older, regularly lithified strata. Due to the striking geomorphology of these glacial deposits, their investigation has also been incorporated into physical geography research. Thus, the segregation of the Quaternary research community into different schools of geology and geography has created multiple classification approaches and has caused the formal stratigraphic classifications successfully applied in pre-Quaternary geology to be applied less regularly to Quaternary glacial strata. This has led to inefficient use of Quaternary geological data for scientific and socio-economic purposes.
INTRODUCTION
A considerable proportion of the developed societies in Europe and North America are located in temperate terrain that was repeatedly glaciated during the cold climatic cycles of the Quaternary Period (the past 2.6 m.y.). It is important for future development in these areas that geologists be able to provide society with more accurate information on the past behavior and distribution of the continental ice sheets and the present structure and nature of the resulting glacial deposits. When this spatial and descriptive stratigraphic information can be correlated with the unusually good decadal and even annual highresolution oxygen isotope and other geochemical or varve chronologies available from Quaternary marine, lake, and glacial ice records (Gibbard et al., 2007; Brauer and Negendank, 2004; see Fig. 1) , it should be possible to construct local highresolution chronostratigraphic and diachronic time stratigraphies (cf. Johnson et al., 1997; Karrow et al., 2000) . This time stratigraphic information would in turn enable more reliable long-term local climate, glacial, and sea-level scenarios to be provided to assist in resolving the heated worldwide discussion on the anthropogenic and/or natural reasons behind the present global warming (IPCC, 2007) and to inform decisions regarding nuclear waste disposal strategies in glaciated terrains (Heathcote and Michie, 2004) .
Many societies are investing heavily in infrastructure to be built on and in deposits belonging to glacial landscapes while at the same time they are dependent on the characteristics of the glaciogenic terrains, including their groundwater and extractive resources. The existence of problematic geotechnical questions, landslide risks, contaminated land, and brown field problems and the relevance of Quaternary deposits to agriculture and forestry are examples of other issues societies face with regard to glaciogenic terrains. Intensified land use in metropolitan areas has caused a particular need to improve control over all types of geotechnical and geochemical data referring to Quaternary deposits, and data management should in any case be improved in order to enhance the sustainable use of land in all types of regional planning (European Union, 2007) . This land-use planning would greatly benefit from the existence of practical stratigraphic classification systems and formal stratigraphic frameworks interconnected with flexible national and international geologic databases. The existing traditional soil and lithologic-lithogenetic surface maps clearly no longer provide the level of information needed in detailed planning, construction, and environmental projects (McMillan, 2005) . Instead, there is an increased need for three-dimensional (3-D) stratigraphical information.
It has generally been thought that the lithostratigraphic classification used most commonly in pre-Quaternary geology, which is based on lithostratigraphic units, which are "bodies of rocks that are defined and recognized on the basis of their observable and distinctive lithologic properties or combination of lithologic properties and their stratigraphic relations" (Salvador, 1994) , cannot be used as successfully in the case of glaciogenic Quaternary deposits, at least not in glaciated shield areas. This is due to the complexity and small-scale variation of the lithologic units in these deposits (cf. Flint, 1957; Eyles et al., 1984; Miall, 1997) .
Some developed countries have recently made countrywide efforts to develop lithostratigraphic procedures for classifying their Quaternary glacial and non-glacial overburden, as exemplified by the work of the Deltares Weerts and Westerhoff, 2007) , the Minnesota State Geological Survey (MGS; Johnson, 2005) , and the British Geological Survey (BGS; McMillan, 2005) .
But how successfully do the Deltares, MGS, and BGS classifications overcome the problem of high-frequency lithological variation in glaciated terrains? The Deltares and MGS approaches follow a tradition in which lithostratigraphic classification is applied quite freely, so that the lithostratigraphic formations defined in the Deltares classification, for example, represent depositional systems and basin fills, with a great variety of lithologies . The Deltares and MGS usages follow the definition of the international guides (Salvador, 1994 ; North American Commission for Stratigraphic Nomenclature [NACSN] , 2005) quite loosely, so that the higher hierarchy subgroups, groups, and supergroups in the Deltares classification are interpretative or geographically determined units and are not always related to the principles of lithostratigraphic classification.
The BGS classification defines a formation in a somewhat stricter manner, and the resulting lithostratigraphic formations are smaller in scale and generally show greater lithologic homogeneity (understood in a more petrographic sense). At the higher subgroup and group levels, the BGS scheme intends to show the lithologic (= petrographic) homogeneity in formations derived from the same provenance areas.
Because unconformities and small-scale lithologic variations are so abundant and are of primary importance in Quaternary glaciogenic deposits (Flint, 1957; Eyles et al., 1983; Miall, 1997) , especially in shield areas, a practical approach involving the combined use of allostratigraphy and lithostratigraphy (CUAL) is proposed here. The new features in this descriptive CUAL approach are (1) unconformity-bounded allostratigraphic units are given preference as basic units, which means that all depositional units within an area will belong to a certain alloformation; and (2) these allounits are then subdivided into lithostratigraphic or lower-order allounits as appropriate . As in sequence stratigraphy (Vail et al., 1977; Gutteridge, 2008) or glacial sequence stratigraphy (Powell and Cooper, 2002) , the unconformity-bounded units are the primary genetic units to be identified, with predictive textural and structural architecture.
QUATERNARY STRATIGRAPHY IN GLACIATED TERRAINS
The major reasons Quaternary researchers have had problems applying lithostratigraphy to glaciated terrain deposits can be summarized as follows (cf. Flint, 1957; Eyles et al., 1984; Miall, 1997 Figure 1 . A principal example of correlating stratigraphic units with ice-core geochemical stratigraphy with high-resolution chronology. Stratigraphic units (modified from Auri, 2006) at a location in the central area of the Scandinavian glaciation are tentatively timecorrelated with the ice-core chronology from Antarctica (EPICA community members, 2004). The δD (‰) (D is deuterium) values of the EPICA Dome C data are interpreted as reflecting global temperature changes during the past 400 k.y. In this case, the stratigraphic units are interpreted to have deposited in the course of the cool stadials and warmer interstadials. The correlation is rough, and the diachronism of climatic and glacial processes has to be taken into account in these types of correlations. Organic gyttja-organic lake deposit.
A c i d g r a n i t e I n t e r m e d i a t e g r a n i t e B a s i c g r a n i t e P l a g i o c l a s e q u a r t z i t e Linden (1975) .
Figure 3. Petrographic variation of the coarse fraction of an unconformity-bounded till bed (pie charts) showing the influence of an Archean greenstone belt surrounded by granitoids on the composition of the coarse fraction of the till bed. Arrow shows direction of ice flow during deposition. The studied till bed is the lowermost of the tree unconformity-bounded till beds in eastern Finland. Modified from Saarnisto and Peltoniemi (1984) .
This leads to a situation in which reasonably homogeneous lithostratigraphic units are often so small in scale that they are not easily mappable (cf. Eyles et al., 1983 Eyles et al., , 1984 Miall, 1997) . This contrasts markedly with the lithostratigraphic classification of most pre-Quaternary rocks, where the units are more broadly representative in time and space.
DEVELOPMENT OF THE CLASSIFICATION APPROACHES
In order to elucidate the relation of the proposed CUAL classification to the stratigraphic classification systems applied earlier, their backgrounds are briefly reviewed here.
The Lithologic and Lithogenetic Approach
The most widely applied systems for classifying the Quaternary overburden are based on varying combinations of lithological information (grain-size, mineralogy, color) and the genesis of the surficial (<1 m or >1 m) deposits. The stratigraphic aspect is normally very limited (North American Geologic Map Data Model Science Language Technical Team, 2004; McMillan and Powell, 1999) . These classifications give the necessary sur ficial base data for wide areas, but seldom meet any more demanding scientific or applied needs.
The Morphogenetic and Morphostratigraphic Approach
Morphostratigraphical schemes have been published by Willman and Frye (1970) and Nystuen (1986) , and physical geographers have also traditionally favored this approach. This approach may apply in areas of sediment cover derived from one glacial cycle, but it cannot apply to terrains with deposits from multiple glacial events (cf. Möller, 2006) .
The Lithostratigraphic Approach (sensu lato)
At the very beginning of systematic Quaternary research in Canada, Logan (1863) classified Quaternary units into lithostratigraphic formations in a similar manner to the strata from the older geological column. Later, in the late nineteenth and early twentieth centuries, when glacial geology was becoming increasingly segregated from Paleozoic and Precambrian geology (Willman and Frye, 1970) , the lithologic and lithogenetic approach and the morphostratigraphic approach described above were developed.
In later years, however, a return to the application of lithostratigraphy occurred. Willman and Frye (1970) presented a systematic classification of the Pleistocene glacial deposits covering the Paleozoic bedrock of Illinois in terms of rock-stratigraphic units (= lithostratigraphic units) to be "defined and recognized on the basis of observable lithology without necessary regard to biological, time, or other types of criteria. They (rock-stratigraphic units) must be sufficiently distinctive to be recognizable by common field and subsurface methods" (p. 40). They added, however, "Once described, a rock-stratigraphic unit may be traced laterally, even though its lithologic character changes gradationally, so long as the integrity of the unit as a continuous body of rock can be recognized" (p. 40). They made this addition in order to amplify their lithostratigraphic classification criteria to meet the changing lithologies in their strata. The members in their scheme are lithologically distinctive, but most of them do not have the regional continuity to be mappable.
Lithostratigraphic units have been used in abundance to identify Quaternary deposits in the UK. In the 1970s, it was already common practice that lithologically varying units were accepted as formations, and members have come to be used for the lithologically more uniform parts of those formations (cf. Rose and Allen, 1977; Rose and Menzies, 1996) . Earlier, Lüttig et al. (1969, p. 35) had proposed that a formation "is to be understood as a document of a genetically uniform sedimentation process, which may have led to the formation of a rock sequence more or less, in some cases even highly differing in single subunits, but of a uniform facies and genetic character." In this scheme, a member shows "a reasonable lithologic similarity … so that the strata may belong to one cycle of sedimentation."
Although mixing genetic interpretation and descriptive criteria, the definitions of Rose and Allen (1977) and Lüttig et al. (1969) for a lithostratigraphic formation and member resemble the more descriptive criteria of Willman and Frye (1970) . These definitions can be regarded as the basis for the BGS, Deltares, and MGS stratigraphical frameworks (cf. Rawson et al., 2002) .
Morpho(/Litho)-Stratigraphic Approach
Recently in the UK, Hughes et al. (2005) presented a combined morpho(litho)stratigraphical approach in which the landform morphology was taken as an elemental part of the definition of the lithostratigraphic unit from which the landform was composed. This evidently works well with deposits derived from one glacial cycle but will meet problems when deposits of polygenetic landforms derived from multiple glacial cycles are classified (cf. Möller, 2006) .
The Depositional System Approach
Some Quaternary researchers who have considered lithostratigraphy more strictly have tended to avoid its use, adopting instead the concept of depositional systems, for example, to classify their strata (Eyles et al., 1983) . A depositional system was originally defined by Fisher and McGowen (1967) as an assemblage of genetically related facies.
Allostratigraphic Approaches
Geologists have always accepted unconformities as the limits between lithostratigraphic formations in pre-Quaternary stratigraphies, although it is the lithological change occurring at an unconformity that has been taken as the defining criterion for delimiting the units (Salvador, 1994) .
One of the first researchers to define sedimentary packages that would today be called unconformity-bounded units/ allostratigraphic units/synthems (Salvador, 1994) was Caster (1934) , who studied the Devonian coastal sequences of Pennsylvania and referred to sequences of differing age as parvafacies. Later, Forgotson (1957) term synthem for the unconformity-bounded units in South Korean Paleozoic-Mesozoic sequences. Walker and James (1992) stressed the advantages of the allostratigraphic approach in their textbook and presented a number of good case studies of its application. The NACSN (2005) also proposed that allostratigraphic units should be used as formal units, especially in Neogene and Quaternary strata.
Allostratigraphy and lithostratigraphy have in some cases been used together, and Chang (1975) showed how lithostratigraphic formations form elemental parts of his synthems. The term folgen has been used recently for unconformity-bounded units in the Triassic sequences of Germany (Lutz et al., 2005) , with lithostratigraphic formations constituting parts of these (Nitsch, 2005) .
Allostratigraphy in Quaternary Deposits
The allostratigraphic approach has proved easy to apply in the case of fluvial Quaternary deposits, where the unconformities are well developed (Zuchiewicz, 1988; Autin, 1992; Benvenuti, 1997; Straffin et al., 1999; Sinha et al., 2005) . Similarly, in offshore studies, the seismic and acoustic profiles reveal the unconformities quite clearly (Hiscott, 2001; Virtasalo et al., 2005) . In mountainous regions, the differences in elevation of the glacial deposits have facilitated delimitation of the allostratigraphic units in the field (cf. Hughes et al., 2005 , and references therein; Hughes, 2006) .
The only work with which we are familiar that combines lithostratigraphic and allostratigraphic approaches is that of Rijsdijk et al. (2005) , who covers the Neogene and Quaternary deposits of the Netherlands. Here the broadly defined lithostratigraphic formations of Weerts and Westerhoff (2007) are included within allostratigraphic formations. This work deals with deposits on the same scale as in sequence stratigraphy. When allostratigraphy has been applied to Quaternary glaciated terrain deposits other than in mountainous regions, it has been used in an interpretative manner (Little, 2005) and not descriptively.
The Glacial Sequence Stratigraphic Approach
It is notable that Flint (1957) already used the term glacial sequence to refer to a basic depositional element composed of a till bed and overlying sorted sediments in a Quaternary glaciated terrain, but its use has never been firmly established in the same manner as sequence in the sequence stratigraphy context of Vail et al. (1977) . However, Powell and Cooper (2002) have recently applied a glacial sequence stratigraphic nomenclature to seismically well-studied deposits in temperate continental shelves.
In summary, it can be concluded that all the approaches described-lithostratigraphic classification (sensu lato), the morpho(litho)stratigraphic, the depositional system, and the allostratigraphic and glacial sequence stratigraphic approaches-are in practice quite identical in the way in which they have been applied to Quaternary deposits, as they mostly define unconformity-bounded genetic units (Fig. 4) . Although exceptions always exist, many of the groups and formations defined in the Deltares, BGS, and MGS lithostratigraphic frameworks could often be alternatively, or even more likely, regarded as unconformity-bounded allostratigraphic units (cf. Chang, 1975; McMillan, 2005) or glacial sequences. They are often delimited by major transgressive and regressive regional unconformities or by unconformities and diastems caused by glacial erosion or shifts in the focus of glaciofluvial deposition. It is simply that the segregation of the research community into different geology/geography schools and traditions with different paradigmal backgrounds has caused multiple terminologies to develop.
The CUAL Approach
The true nature of the Quaternary depositional units in glaciated shield areas is that they are arranged in unconformitybounded, lithologically varying packages, so allostratigraphy may be regarded as the most promising descriptive approach for stratigraphic classification (cf. NACSN, 2005) . Lithostratigraphy is undoubtedly applicable as well, but it should be used in a stricter manner than in the examples herein.
In the CUAL approach, the allounits are given preference, and the lithostratigraphic units are subordinate to the allostratigraphy. It is in this aspect that the scheme differs from the proposals of the NACSN (2005) . This modification in relation to the previous Quaternary classifications may sound purely semantic, but it is important in that lithostratigraphy can now be applied more strictly (Shultz, 1982) to fill in the lithostratigraphically mappable "details" in the allostratigraphic framework. When the present land surface forms the upper bounding surface of a superficial allounit, then the spatial morpho(litho)-stratigraphical information can be applied to the delimitation of the unit.
The main principles and characteristics of the CUAL stratigraphic classification are as follows: 1. A preference for defining mappable allostratigraphic formations. These are normally larger than the lithostratigraphic units in glaciated terrains (Figs. 1 and 4-6). 2. When lithologically identifiable, reasonably homogeneous, and mappable lithostratigraphic formations (sensu stricto) can be defined within an alloformation, this should be done (Figs. 1, 4 , 6A, and 6B). 3. Where appropriate, an entire alloformation can be subdivided into either lithostratigraphic units (formations, members; Figs. 1, 6A, and 6B), lower-rank allostratigraphic units (allomembers), or a combination of these ( Figs. 1 and 4 ). 4. Allomembers or members need not be mappable, but can be. It is accepted that a lithostratigraphic member does not need to be part of a lithostratigraphic formation but can be a part of an alloformation. 5. If an alloformation has such a diverse or chaotic lithology that its subdivision is not reasonable, its internal lithological variation should be broadly described when it is defined. 6. The preference for defining allostratigraphic units means that in cases where a lithologically uniform unit is cut by unconformities, which is less common in glaciogenic terrains, the unit should be named in accordance with the allostratigraphy. 7. The single definition criterion for an allounit should always be its bounding unconformities, the nature of which need to be properly described. The nature of a boundary between allounits may change from that of a clear unconformity to a deformed bed or even a conformable bed in the same way as a correlative conformity surface in sequence stratigraphy.
DISCUSSION
Formal stratigraphic classification is a fundamental scientific tool for developing a regional knowledge of any period in Earth's history. For the subfield of Quaternary geology, the selection of stratigraphic classification criteria is as important a paradigmal decision as was the adoption of sequence stratigraphy for petroleum geology in the 1980s. The CUAL approach proposed here provides a hierarchical classification system for glaciogenic deposits and creates a sound basis for detailed chronostratigraphic and diachronic work (Johnson et al., 1997) in order to improve our understanding of the complicated Quaternary couplings of astronomic forcing, climatic change, and continental glacial dynamics that have determined the distribution and nature of glacial depositional and erosional products.
Although Quaternary glaciated terrain deposits have geologically unique properties, they should be studied using the same type of stratigraphic toolbox as pre-Quaternary strata. The establishment of a stratigraphic framework system using a CUAL approach would require more excavations and surficial drilling as well as wireline geophysics, ground-penetrating radar, shallow seismics, acoustic soundings, and other geophysical methods that are still under development.
Major unconformities may sometimes be difficult to define in unconsolidated glacial-terrain deposits. This may be caused by, for example, multiple glacial scouring, which has created repeated unconformities. Although allostratigraphy and the CUAL approach are intended to be objective and descriptive methods, we have to accept that the definition and hierarchical ranking of unconformities will sometimes include more or less interpretation. In order to place our major regional unconformities, we have to evaluate the importance of (a) the possible changes in lithology, (b) the adjacent lithofacies successions/ associations within the section, and (c) the physical expression of an unconformity or its reflection in the geophysical data. Therefore, we cannot completely avoid interpretation if we aim to construct a stratigraphical framework for an area. Ultimately, it may be of less importance what kind of data are used for identifying the presence of an unconformity than what kinds of stratigraphic units one defines and uses as basic units in a formal stratigraphic framework. As sequence stratigraphy has shown, unconformity-bounded units explain geologic history in a better way than lithostratigraphy (e.g., Gutteridge, 2008) .
